Several instruments based on immunoassay techniques have been proposed for life-detection experiments in the framework of planetary exploration but few experiments have been conducted so far to test the resistance of antibodies against cosmic ray particles. We present several irradiation experiments carried out on both grafted and free antibodies for different types of incident particles (protons, neutrons, electrons and C-12) at different energies (between 9 MeV and 50 MeV) and different fluences. No loss of antibodies activity was detected for the whole set of experiments except when considering protons with energy between 20 and 30 MeV (on free and grafted antibodies) and fluences much greater than expected for a typical planetary mission to Mars for instance. Our results on grafted antibodies suggest that biochip-based instruments must be carefully designed according to the expected radiation environment for a given mission. In particular, a surface density of antibodies much larger than the expected proton fluence would prevent significant loss of antibodies activity and thus assuring a successful detection.
Indeed, although biochips are known to be very sensitive tools to detect specific target 80 molecules, their sensitivity is related to the presence of functional affinity receptors. In 81 order to develop a "space biochip", it is thus necessary to ensure that these biological 82 receptors will survive space hazards. In particular, due to the very sparse data on this 83 topic, it is important to determine the behavior of these biological receptors under 84 cosmic particles irradiation. Crater by Curiosity and the one measured inside the Mars Science Laboratory 99 spacecraft during its cruise to Mars (481 ± 80 µGy/day) (Zeitlin et al. 2013) In the present paper, we broaden these previous studies to test the effect of electrons, 125 carbon ions, protons (at different energies) and neutrons (at higher energies) on the 126 recognition capability of antibodies (summarized in Fig 1) The samples preparation was done following the same protocol as in Baqué et al. 156 (2011a) . 157
Briefly, antibodies were irradiated under two different states: grafted and free. All 158 samples were freeze-dried using the freeze-drying buffer described in Baqué et al. 159 (2011a,b) and then sealed in a FoodSaver™ bag in dry atmosphere (silica gel was added 160 in the bag) and stored in the dark at 4°C before irradiation. All irradiation effects were 161 estimated on freeze-dried samples. 162 Therefore, we can assess that 41% of antibodies grafted in a well have a significant 209 chance to interact with at least one particle. With this method, direct effects of particles 210 on antibodies can be detected if existing. 211
Lower fluences and higher fluences were also tested in some cases, with for example a 212 fluence of protons ten times lower (3 x 10 11 particles/cm 2 ) or a fluence of neutrons ten 213 times higher (3 x 10 13 particles/cm 2 ). In these cases, we estimate that 13% and 74% of 214 grafted antibodies interacted with a particle respectively. 215
Free antibody samples were prepared at a concentration of 15 x 10 16 antibodies/well. 216
The exact disposition of antibodies into the well is not defined but it is assumed that 217 they form several layers at the bottom of the well during freeze-drying. Therefore it is 218 not possible to determine the number of antibodies that could interact with incident 219 particles since each particle can penetrate in a column of piled antibodies. 220
Neutron irradiation 221
Neutron irradiation was performed at the cyclotron of Louvain-la-Neuve, in Belgium. The current was set to 7 µA. Samples were positioned at two different distances so that 226 they received two different fluences. At a 12 cm distance, the fluence was F H = 3 x 10 13 227 neutrons/cm² and the diameter of the beam was about 4.2 cm for 80% of homogeneity. 228
Whereas at a 40.5 cm distance, the fluence was F L = 3 x 10 12 neutrons/cm² and the 229 diameter of the beam was about 10.2 cm for 80% of homogeneity. Samples were 230 irradiated during approximately 22 minutes. 231
Proton irradiation 232
Proton irradiation was also performed at the cyclotron of Louvain-La-Neuve, on the 233
Light Ion Facility (LIF) (Fig. 2 Top) . This mono-energetic proton beam line can 234 produce up to 10 9 protons/cm²/s with energies from 10 to 75 MeV (Berger et al. 1997) . 235
The beam diameter is set to 10 cm and a ± 10% of homogeneity is ensured. 
Electron irradiation 242
Electron irradiation was performed at the Institut Bergonié (Bordeaux, France) (Fig. 2  243 Bottom Left). The beam was calibrated to deliver 9 MeV electrons and it was scanned 244 through a square collimator of 6 cm side. 12 carbon ions per cm² in an adequate delay and safe conditions. Therefore, we 264 decided to study if energetic carbon ions could have an indirect effect on antibodies, i.e. 265 if those particles of such energy could interact with the sample environment so that it 266 could destabilize the whole system and degrade antibodies recognition performances. 267
The fluence was set to 2.16 x 10 6 particles/cm² and was determined using results 268 If the apparent affinity of competitive antibodies is reduced, then the IC50 measured 301 will increase. 302
Reference samples 303
To evaluate the possible irradiation effects on our samples, different references and 304 controls were prepared. Irradiation effect on antibody was evaluated by comparing 305 irradiated samples to non-irradiated controls (NIC). NIC were treated simultaneously 306 and in the same manner as the irradiated samples, though they were not submitted to 307 irradiation. In order to estimate the effects of transport, temperature cycles and light 308 exposure on biochip performances, reference samples were used. These reference 309 samples (R4°C) were prepared at the same time as irradiated samples and NIC and were 310 stored in the laboratory at 4°C in the dark until analysis. As described by Baqué et al. 311 (2011a), all of the antibodies were freeze-dried using a specific buffer, which maintains 312 the anti-HRP antibody recognition capabilities after freeze-drying and during storage to 313 liquid reference levels. Results for grafted antibodies are therefore presented as 314 percentages of active antibodies for more clarity and in order to normalize all acquired 315 data during the several irradiation campaigns. This percentage is calculated by taking 316 the amount of HRP retained by NIC to 100%. NIC and R4°C were confronted for each 317 campaign to reflect any damage caused by transport, handling etc. 
Grafted antibodies 329
All the experiments performed on grafted antibodies are summarized in Table 1. This  330   table presents suggested that further shielding or alternative radiation protection approaches would 426 need to be considered for long duration missions to other astrobiological targets. Our 427 present work confirms this suggestion. We propose that the ratio between the fluence of 428 protons and the surface density of antibodies has to be much lower than unity to prevent 429 important loss of activity. 430
431
The main limitation of ground-based studies is that each constraint is generally studied 432 individually and for a limited period of time that is not representative of a real space 433 mission. In particular, the effect of cosmic rays is generally studied at a given energy (or 434 a limited range of energies) and for one type of particle in a single experiment. Table 1 . Influence of neutron, proton, electron and carbon radiation effects on grafted antibodies recognition capability at different fluences. The percentages of active antibodies were normalized using the NIC that were thus fixed at 100%. The percentage of antibodies receiving at least one particle was calculated according to the antibody surface density, the tested fluence and the sample geometry. SD, standard deviation; n is the number of measurements. p-value < 0.05 (in bold) indicate samples that are different to NIC at 95 % of confidence. 
